The genes for cytoplasmic ribosomal RNA are partially resolved from the bulk of the DNA by CsCI equilibrium centrifugation. Although in some plants the buoyant density of the ribosomal RNA genes is as expected from the base composition of ribosomal RNA, others show a large discrepancy which cannot be due to the presence of low G-C spacer-DNA. The crosshybridization observed with 1.3 and 0.7 X 100 molecular weight ribosomal RNAs and DNA, which varies greatly with different plant species, is not due to contamination of the ribosomal RNAs, and is specific for the ribosomal DNA of each species, probably largely restricted to those sequences coding for the two stable ribosomal RNAs. The double reciprocal plot may be used for the extrapolation of saturation values only with caution, because in these cases such plots are not linear over the whole of the hybridization reaction. stages of the reaction are therefore advantageous. The observation that the plot of reciprocal of hybridization against reciprocal of time fitted a straight line (9), which could be extrapolated to infinite time, suggested how saturation values could be obtained from measurements of the initial reaction. This should minimize problems of cross-hybridization. The use of this double reciprocal plot also eliminated the problem of RNA concentration-dependence of the saturation value, since analysis of the hybridization of complementary RNA and DNA from E. coli showed that the hybridization value obtained by extrapolation was essentially independent of the RNA concentration employed (9) . This relationship has also been shown to hold for the hybridization of B. subtilis rRNA and DNA (6). The theoretical basis of this double reciprocal plot is not clear (9), but it represents a convenient, concentration-independent way of estimating a saturation value from the early part of the hybridization reaction.
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This paper describes some of the properties of the rRNA genes in higher plants and considers the nature of the crosshybridization observed between the 1.3 X 106 and 0.7 X 106 mol wt rRNAs. Some of the problems involved in the determination of a saturation value are discussed. Molecular hybridization of RNA to DNA has become an increasingly useful technique for studying many aspects of the genome. The stability and homogeneity of rRNA, which allows the preparation of highly purified molecules in relatively large amounts, has facilitated investigations of the rRNA genes by this method. The rRNA genes from Xenopus were the first genes to be isolated (8) , and there is now a considerable knowledge of their fine structure (5, 7) . Much less is known about rRNA genes in plants, and determination of the absolute redundancy of these genes is complicated by the apparent cross-hybridization between the two high molecular weight rRNAs (1.3 and 0.7 X 106) and their complementary sequences in the DNA, which confuses the determination of saturation levels (15). Similar cross-hybridization has been noted with the rRNAs from Escherichia coli (1, 4, 21) , yeast (25) , rabbit (22), and HeLa cells (2) , which contrasts with the situation observed with Bacillus megaterium (31) , Bacillus subtilis (3, 21) , Xenopus (7, 29) , Drosophila (24) , and rat (27) . The cross-hybridization initially reported with HeLa cells (2) was, however, virtually eliminated by the use of better preparations of rRNA and hybridization under conditions of very low RNA/DNA ratios, whereby measurements were limited to the initial stages of the hybridization reactions (17) MATERIALS AND METHODS DNA Preparation and Fractionation. Nuclear preparations were made from embryo-axes of 3-day-old pea seedlings and young shoots from swisschard and artichoke plants by a short homogenization of the tissue at top speed in a VirTis 45 in a medium containing 250 mm sucrose, 2.5% Ficoll, 5% dextran, 25 mm tris-HCl, pH 7.8, 2 mm CaCl2, and 10 mm magnesium acetate (5 volumes/g of tissue). After filtration through four layers of muslin, the nuclear and chloroplast material was sedimented at 2000g for 10 min. The chloroplasts were solubilized by addition of Triton X-100 (4% final concentration) to the pellet resuspended in 200 mm sucrose, 10 mm tris-HCI, pH 7.8, 2 mm CaCl2, and 10 mm magnesium acetate; the nuclear material was recovered by centrifugation at 2500g for 15 min. This pellet was further washed with the triton medium until no traces of green remained. DNA was then prepared from the pellet by dissolving it in a detergent medium containing 1 % (w/v) tri-isopropylnaphthalene sulfonate, 6% (w/v) p-aminosalicylate, 50 mM NaCl, 10 mm tris-HCl, pH 7.8, 10 mM EDTA, pH 8.0, and 6% (v/v) n-butanol. The salt concentration was increased to 0.5 M NaCl, and the mixture was shaken for 10 min with an equal volume of chloroform-3 methyl butanol-1 (24:1, v/v gation the top aqueous layer was removed and re-extracted with the phenol mixture. The DNA was precipitated by the addition of two volumes of ethanol and storage at 0 C overnight. The precipitate was recovered by centrifugation, dissolved in 0.1 X SSC,2 and the solution was then made up to 1 X SSC. The DNA was purified by digestion of the preparation with deoxyribonuclease-free RNase (50 ,ug/ml) for 30 min at 37 C. followed by digestion with pronase (400 ,ug/ml) for 3 hr.
Total DNA was prepared from the plant material specified in the experimental results by homogenization of the tissue directly in the detergent medium with pestle and mortar, followed by the procedure described for the nuclear pellet. The crude DNA from either a nuclear or total preparation was recovered by centrifugation at 100,000g for 16 hr and further purified by preparative CsCl centrifugation prior to hybridization. The DNA. approximately 500 [kg, in 7 ml of CsCl with density of 1.707 g cm-3 (1.4000 refractive index), containing 30 /Ag of Micrococcus lysodeikticus marker DNA (1.731 g cm-3), was centrifuged to equilibrium at 35,000 rpm for 68 hr at 25 C in an MSE 10 X 10 angle rotor. The gradient was pumped from the tube, and the absorbance at 254 nm was continuouslv recorded (LKB Uvicord II). The region of the gradient from the light side of the DNA peak to a density of 1.72 g cm-3, as indicated by the M. lysodeikticus DNA, was collected, the CsCl was diluted 4-fold, and the DNA was recovered by centrifugation at 100,000g for 16 hr.
All DNA preparations were analyzed for purity and buoyant density (30) by centrifugation in the Model E ultracentrifuge. When necessary the DNA was sheared by sonication, and the average size of the DNA was determined by the spill-over method (28) . For fractionation of the rRNA genes, 50 to 100 ,ug of DNA plus 30 ,ug of marker DNA were centrifuged to equilibrium as described, and 0.1-ml fractions were collected.
Preparation and Fractionation of Labeled RNA. Peas (Pisum sativiumn L.) were surface sterilized and germinated under sterile conditions for 72 hr (16 (19, 20) . The fractionation of total RNA prepared from these tissues showed essentially only the two cytoplasmic rRNAs, with no indication of degradation (Fig. 1) . The ratio of the two components, as determined from the areas of the 265-nm peaks and from the radioactivity of the peaks, was very close to the value of 1.9 (expected from their molecular weights of 1.3 and 0.7 X 106) for all the preparations used in these experiments (Table I ). The regions containing the two rRNAs, accurately located by means of india ink marks injected into the gels immediately in front of the rRNA peaks, were sliced into 0.2-mm slices. Slices from the central region of the peaks (Fig.  1) were then incubated at 50 C in 6 x SSC for 2 hr, and after the removal of the solution, the slices were re-extracted for 10 min. The RNA, collected by centrifugation at 120,000g for 16 hr, was quantitatively recovered with little degradation, as monitored by subsequent gel fractionation.
Hybridization. DNA, dissolved in 0.1 X SSC at 30 to 50 ,ug/ml, was denatured by the addition of an equal volume of 1 N NaOH. After 10 min at room temperature, the solution was neutralized, and the salt concentration was increased by the addition of one volume of 1 N HCl, one volume of 1 M tris The ratio of 1.3 to 0.7 X 106 mol wt rRNAs, based on the 265 nm absorbance or radioactivity profile, was calculated from gel fractionations as shown in Figure 1 . Individual fractions of DNA from an analytical CsCl gradient were diluted to 0.5 ml with 0.1 X SSC. The position of the peak was established by 260 nm measurement of the relevant fractions, and then each fraction was alkaline denatured and fixed to a millipore membrane as described for total DNA.
The DNA filters were incubated with the labeled rRNA in 6 X SSC at 70 C for the required period (as indicated in the results), removed from the rRNA, and batch-washed in 6 X SSC (approximately 30 filters/ 100 ml) on a magnetic stirrer for 15 min at room temperature. They were then washed successively with three changes of 2 X SSC, each for 15 min, and deoxyribonuclease-free RNase (10 ,ug/ml) was included for the final wash. The filters were rinsed with 2 x SSC, dried in vacuo at 80 C, and the radioactivity was determined by scintillation counting with 0.4% (w/v) 2(4-tert-butylphenyl)-5(4-biphenylyl)-l-3-4 oxadiazole in toluene. The DNA content of the filter was routinely monitored by acid hydrolysis after counting (12) .
Determination of Base Composition of rRNAs. Samples of the 'P-labeled rRNAs, containing 5000 to 20,000 cpm, plus 250 jig carrier RNA, were hydrolyzed in 10% piperidine, 10 mM EDTA at 60 C for 48 hr. The piperidine was removed by evaporation, and the nucleotides were dissolved in a small volume of pyridine buffer (0.75% pyridine, 7.5% acetate acid, pH 4.0) and separated by high voltage paper electrophoresis in the pyridine buffer (40 v/cm, cooled in white spirit). The nucleotides were located by their UV absorption, and their radioactivity was determined by scintillation counting. Figure 2A . Nuclear and total DNA were analyzed from artichoke, wheat, onion, pea, and swisschard, whereas only total DNA from maize, hyacinth (shoot dissected from bulb), and passionflower (very young leaves) was analyzed. All DNAs were hybridized with homologous 1.3 X 106 mol wt rRNA, with the exceptions of hyacinth and passionflower, which were hybridized with pea rRNA. The density of the main band was established from Model E centrifugation, and the density of the rRNA genes was determined from the position of the peak of hybridization relative to the densities of the main band and M. lysodeikticus DNAs. Where, in swisschard the resolution into two components was marginal, the average buoyant density is given in brackets. of pea nDNA by equilibrium centrifugation in CsCl ( Fig. 2A ). An identical fractionation was obtained with total DNA from pea leaves, indicating that the presence of a small (1-5) percentage of chloroplast DNA, which hybridizes only poorly with cytoplasmic rRNA (10-20% as efficient as the homologous hybridization reaction [14] ), did not contribute significantly to the CsCl gradient analysis. The buoyant density of the rRNA genes and their relative separation from the main band varied with the different plant species studied (Table II) . With the size of DNA normally obtained from these plant tissues, 5 to 20 X 106 daltons, there was no discrimination between the 1.3 and 0.7 X 106 mol wt sequences ( Fig. 2A) .
RESULTS

Fractionation
The very low level of hybridization to the main band DNA showed that essentially no rRNA genes remained within the bulk of the DNA. In some cases the density of the genes was rather lower than that expected from the base composition of the rRNAs (Table III) . A weighted mean for total rRNA of most plants is approximately 53% G-C, which corresponds to Plant Physiol. Vol. 51, 1973 hyacinth, passionflower, maize, and wheat were near to this value, those of pea, at 1.703 g cm--, corresponded to a G-C content of only 44% compared to 52% G-C of the rRNA (Table III) . Reduction in size of the DNA did not change the density of the hybridization peak with either maize or pea (Table II) . However, successive fragmentation of swisschard DNA, which when large (15 X 10' daltons) showed a single peak at 1.705 to 1.707 g cm-3 (similar to Fig. 2A by CsCI equilibrium centrifugation, there was a broad band of radioactivity peaking at 1.74 g cm-' (Fig. 3) . This radioactivity was not free RNA, because RNA, with its high density, was quantitatively pelleted under these conditions of analysis (Fig.  3) . The radioactivity was partially retained by filtration through millipore filters (29) , and the peak was largely resistant to RNase treatment followed by trichloroacetic acid precipitation onto glass fiber discs. These properties indicated that the peak of radioactivity was the rRNA-DNA hybrid. DNA was very fast, and at an RNA concentration of 2 ug/ml, the reaction was 90% complete after 1 hr (Fig. 4) . After 2 to 3 hr there was little increase in the amount of RNA hybridized. With higher concentrations of RNA, however, the extent of the hybridization increased, although an apparent saturation level had been reached at each individual concentration (Fig.  5) . The ratio of the saturation levels of hybridization for the 1.3 and 0.7 X 10' mol wt rRNAs was far removed from 2, the value expected for equal numbers of genes, for both the time 1.3, Fig. 4 ) and the artichoke concentration curves (ratio of 0.9, Fig. 5 ). The concentration curves clearly indicated that the increase in hybridization with RNA concentration was greater for the light than for the heavy rRNA. The specificity of the additional hybridization occurring at higher RNA concentrations was determined by hybridization along CsCl gradients. Swisschard total DNA, sheared to 5.3 X 106 daltons, showed a bimodal peak (1.704 and 1.708 g cm-3) when hybridized with 1.3 X 106 mol wt rRNA at 2 ,ug/ml (Fig. 6A) . Increasing the RNA concentration to 8 ,ug/ml resulted in 35% more hybridization, but the distribution of the radioactivity was very similar to that of 50 C. 5*0_ 2 ,ug/ml, with only a very small relative increase in the amount of RNA binding to the main band DNA. Hybridization of the 0.7 X 106 mol wt rRNA at 2 ,tg/ml resulted in a peak of radioactivity at approximately 1.708 g cm-3 and at 8 jtg/ml the level of hybridization was increased by 68%. The distribution of the hybridization was, however, different at the higher concentration, showing a greater increase in the less dense half of the peak (74% increase) compared to the denser half (42% increase) (Fig. 6B ). This change in distribution resulted in a small shift in the buoyant density of the hybridization peak to 1.706 g cm-3. Again, essentially all of the additional radioactivity was in the main peak of hybridization, with only a small relative increase in the main band DNA. These results indicated that the bulk of the additional hybridization was specific for rDNA. However, the greater increase in hybridization of the 0.7 compared with the 1.3 x 106 mol wt rRNA in response to higher RNA concentrations, together with the change in distribution of the hybridization, suggested that the 0.7 X 106 mol wt rRNA formed more mismatched hybrids (cross-hybridization) than did the 1.3 X 106 mol wt rRNA.
These results do not, however, discriminate between hybridization of the rRNAs to sequences complementary to the two stable rRNAs, or hybridization to either those sequences complementary to the nonconserved portion of the initial transcription product, or to the apparently nontranscribed DNA which is distributed between the transcribed sequences, all of which constitutes the rDNA. These various possibilities were further investigated by means of sequential hybridizations. The 1.3 and 0.7 X 106 mol wt rRNAs hybridized to 0.182 and 0.165% of the DNA when reacted separately, giving a total of 0.347% compared with the value 0.264 obtained with both rRNAs present in the reaction (Table IV, 10 min in 2 ml of solution (previously equilibrated at that temperature for 5 min), then transferred to vials at the next higher temperature. The volume of the solution was then increased to 10 ml, and the radioactivity was determined by Cerenkov counting. gous-and cross-hybridizations. For example, the 1.3 x 106 mol wt rRNA would have more chance to react with sequences of the 0.7 X 106 mol wt rRNA gene by itself than when competing with the fast homologous 0.7 X 106 mol wt rRNA reaction. The small increment obtained by following the 1.3 X 106 mol wt rRNA reaction with 0.7 X 106 mol wt rRNA (0.224-0.182 = 0.042%), which was confirmed by incubating first with unlabeled 1.3 X 106 mol wt rRNA followed by labeled 0.7 X 106 mol wt rRNA, suggested a partial reaction of the 1.3 X 106 mol wt rRNA with the 0.7 X 106 dalton gene which then blocked much of the subsequent hybridization with 0.7 X 106 mol wt rRNA. However, the considerable exchange that occurred between the hybrid and the rRNA in solution, clearly demonstrated by the 0.08% hybridization obtained when labeled rRNAs were added subsequent to hybridization with a mixture of unlabeled rRNA, prevents quantitative determination of the cross-reaction.
The relatively larger amount of cross-hybridization of the 0.7 X 106 mol wt rRNA suggested by these experiments was supported by the magnitude of RNase digestion of the hybrid. Omission of this digestion in the washing procedure gave values 160 and 205%, respectively, of the normal 1.3 and 0.7 x 106 mol wt rRNA hybridization values. Despite this degree of cross-hybridization, the base composition of the RNA in the hybrid was very similar to that of the relevant rRNA (Table  III) . Furthermore the stability of the hybrids, as measured by thermal dissociation, gave no indication of substantial mismatching. The difference in the Tm values of the 1.3 and 0.7 X 10' mol wt rRNA hybrids, 88.5 and 86.5 C respectively in 1 X SSC (Fig. 7B) , was as expected for a difference in G-C content of 4% (Table III) , and did not indicate a greater degree of mismatching in the 0.7 X 106 mol wt rRNA hybrid. The Tm values of the hybrids, which have to be reduced by about 3 C to make them comparable to DNA T,, values determined by 50% hypochromicity, were about 5 C lower than DNAs of 54 and 49% G-C content (with Tm values of 91 and 89 C, respectively).
Gross cross-contamination of the two rRNAs was not considered a probable explanation for the cross-hybridization observed (Fig. 1, Table I ). In fact, the extent of crosshybridization observed with one preparation of rRNA varied considerably with different DNAs (Table V) , which would not be expected if the cross-hybridization was due to cross-contamination of the rRNAs. The ratio of hybridization of artichoke 1.3 and 0.7 x 106 mol wt rRNAs varied from 1.54 to 1.08 for different DNAs, whereas the ratio for swisschard rRNAs ranged from 1.34 to 0.74, the greatest cross-reaction being with homologous swisschard DNA.
The determination of saturation values by extrapolation of results obtained during the early part of the reaction, by means of the double reciprocal plot, reduces the problems of crosshybridization. The rate of hybridization of 1.3 x 106 mol wt rRNA was not, however, linear on the double reciprocal plot (Fig. 8B) . Extrapolation of the initial stages of the reaction produced infinitely high saturation values. The values obtained during the latter two-thirds of the reaction could be used to give a linear extrapolation, which for the pea and artichoke hybridizations were 22 and 34% greater than the respective saturation values estimated from the normal kinetic plot (Fig.   8A ). Double reciprocal plots of rates at different rRNA concentrations did not, however, consistently extrapolate to a single value. The double reciprocal plots for the rate of 0.7 X 106 mol wt rRNA hybridization routinely suggested the presence of two reactions, an initial fast reaction probably representing the homologous reaction, followed by a slower reaction. possibly cross-hybridization. (Fig. 9) . Extrapolation of the initial stage of the reaction gave a saturation value which was often concentration independent, and which was approximately half that obtained with the 1.3 X 106 mol wt rRNA.
DISCUSSION
The banding position of rRNA genes in a CsCl gradient is dependent on the degree of clustering of the genes, the size of the DNA fractionated, the base composition of the rRNA and the extent and composition of any nontranscribed (spacer) DNA associated with the rRNA genes. The complete separation of the rRNA genes from the main band with 20 x 106 dalton, double-stranded DNA, indicates that these genes are present in clusters of at least three or four sequence repeats. This, together with the absence of rRNA genes within the main band, is consistent with the conclusion that all the rRNA genes are clustered within the nucleolar organizer DNA (11, 23) . This is in contrast to results obtained with wheat which suggested that the rRNA genes were scattered throughout the genome (13) . The discrepancy between the observed density of the rRNA genes and that expected from the G-C content of the rRNA, for example with pea, did not appear to be due to the presence of spacer-DNA of lower G-C content. The density of the genes was not increased after fragmentation of the DNA to double-stranded lengths of 1.7 x 106 daltons, when the average sequence length of 0.6 x 106 daltons (single-stranded size) would contain rRNA sequences essentially free from spacer DNA. The extent of methylation of the DNA could account for the discrepancies observed, since the relationship between buoyant density and G-C content (26) (Table IV) , indicated that the two rRNAs were competing for common sites. Furthermore, the low saturation levels resulting from the sequential hybridization of the rRNAs (Table IV) suggested that some of these common sites were within the sequences coding for the stable rRNAs. Crosscontamination of the two rRNAs can be essentially ruled out. The 1.3 and 0.7 X 106 mol wt rRNAs are completely separated by gel electrophoresis (Fig. 1 of two 0.7 X 100 molecules would be detectable even if formed under the conditions employed, which would be extremely unlikely. Indeed, the ratio of the 1.3 to 0.7 x 100 mol wt rRNAs used in these experiments (Table   l) (Table V) , which again suggests the presence of common DNA sequences rather than contamination of the rRNA preparations. The different rates of homologous and cross-hybridization, the different stabilities of the hybrids formed, the possibility of exchange between hybrid and rRNA and the unknown effect of a short region of heterologous duplex formation on the availability of the rest of the gene for homologous hybridization, prevent a simple mathematical solution to the problem of cross-hybridization.
Two criteria were used to estimate the degree of mismatching within the hybrid, the base composition of the hybridized RNA, and the thermal stability of the hybrid. Both, however, indicated well matched hybrids. The composition of the hybridized RNA was very similar to the input rRNA (Table II) ).
The TM values of the 1.3 and 0.7 X 106 mol wt rRNA hybrids differed by 2 C (Fig. 7B) 
